Recently, one of us has described some strong and peculiar chemical interactions between nucleic acids and certain steroidal diamines. 1 2 We now show that irehdiamine A (IDA, pregn-5-ene-3,f,20a-diamine) and malouetine (Mal,) are effective inhibitors of phage replication and mutagens, and postulate DNA as the primary target of diamine action in vivo.
by colony count, refrigerated, and used the following day. Cells were warmed to 370, phages added to the desired dosage, with adsorption from 3 to 10 min before dilution into a glucosecontaining medium, or of addition of glucose simultaneously with the start of aeration (zero time). Free phage was determined after dilution through Tris buffer (pH 8.0)-ethylenediaminetetraacetate (EDTA) (5 X 10-3 M) and chloroform. Infective centers (IC) were assayed after removal of unadsorbed phage by T2-antiserum (obtained from Dr. L. Levine). After 45-60 min growth at 370, the infected cells were lysed with chloroform and assayed for plaque formers. Other techniques are described by Adams.3 For mutagenesis experiments and phage crosses, appropriate host cells were employed for detection of different genotypes.4 Lysozyme (endolysin) assay: Determined by the extent of clearing of aliquots of infected cultures (> 1 X 108/IC/ml) 10 min after addition of chloroform, either by means of a Klett-Summerson calorimeter or with a Cary model 14 spectrophotometer at a wavelength of 660 mM".
Assay for phage assembly: Determined by the method of Edgar and Wood.5 Incorporation experiments: All experiments were performed on 10-ml samples of standard cells (2 X 108/ml) in M9/2. Infection was for 7.5 min with a multiplicity of 5, IDA (6.0 X 10-5 Al) was added at times shown, and 2.5 Ac of L-leucine-1-C14 (20 mc/mmole), or 2.5 Ac of uracil-2-CH4 (25 mc/mmole), or 2.5 Atc of thymidine-2-C14 (25 mc/mmole) (New England Nuclear) were used.
Steroids: Irehdiamine A and malouetine were the kind gifts of Dr. Robert Goutarel, Laboratoire des Substances Naturelles du C.N.R.S., Gif-sur-Yvette, France.
Results.-Reduction of burst size: IDA effectively inhibits the reproduction of bacteriophages T2 or T4. When the amine is added at t = 0, the phage yield in broth/4 with 1.2 X 10-4 M IDA is 0.01 the input, or approximately 10-4 that of the control, after either 45 or 120 minutes of growth at 370 and independent of multiplicity. Experiments ( Fig. 1 and others) show that (a) inhibition is highly efficient; it takes place at low concentrations of steroid, and increases steeply (i.e., cooperatively) over a very narrow concentration range; (b) it is dependent on ionic strength -compare the results in 1\19/2 with that in broth/4; if the experiment is carried out in a medium containing 0.2 M NaCl or 0.01 M M1gCl2 throughout the growth cycle, no inhibition is observed with < 10-4 growth experiments for T2 are described in Matera10 and Methods. For MS2, adsorption was for 10 min in M9 minus glucose in the presence of 1.0 X 10-3 MCa+2 on AB 259, development at 37s in broth/4 in the presence of 1.0 X 10-4 M Ca +2; burst size = 256. For the comparable experiment with T2, the same strain of cells and the same media were employed; burst size = 20. For the experiments in M9/2, the control bursts were 4100. C6 =-Mal. on incubation temperature; (d) replication of the DNA-containing phage T2 is more effectively inhibited than is that of MS2, a RNA-containing virus; (e) the di-primary amine IDA is much more effective than is the di-quaternary amine Malyet inhibition by the latter agent is temperature-independent.
Kinetics of inhibition: When infected complexes are treated with an excess of IDA (10-4 M) , diluted, and placed in nutrient, their ability to produce progeny phage is lost progressively, rapidly, and irreversibly ( Fig. 2) , even when Mg+2 is added to the diluting medium. The inactivation appears to be approximately single-hit and somewhat more rapid when measured at an early (starting at 30 sec), rather than a later (starting at 8 min) state of phage development. Inactivation of the parent complexes (measured by direct plating) is a much slower process, and shows different kinetics. Indeed, initially at 10-4 M steroid, and for much longer periods at 6 X 10-5 M, infected complexes exhibit no inactivation, i.e., they retain the capability of yielding at least one progeny phage. This conclusion is confirmed by single-burst experiments: with 6 X 1-0 M IDA, almost every complex yields progeny but with reduced yield. Evidently, IDA either leads to a greatly reduced rate of progeny formation or produces faulty copies that can be reassembled to yield at least one that is intact. Period of maximum sensitivity ( Fig. 3 ): Two types of experiments were performed. In one, the drug at 1.2 X 10-4 M was added to infected complexes at the various time points shown, and phage development allowed to take place for 45 minutes in broth/4. In the second set, infected complexes were subjected to pulses of IDA at 1.0 X 10-4 M, 7.5 minutes in length, diluted out, and the phage yield measured after 52.5 minutes in broth. The period of maximal sensitivity at 370 appears to be between 2.5 and 10 minutes after the addition of glucose. Under these particular conditions, the first intracellular phage can be detected at 12.5 minutes. At 30°the period of maximal sensitivity (with 10-min pulses) occurs between 10 and 20 minutes, and the first intracellular phage makes its appearance at 17.5 minutes.
Luria-Latarjet experiments:
Since the principal effect of the steroid appeared to be on early functions, and thus possibly on DNA synthesis, we investigated the so-called This, the development of UV resistance, occurs very early during phage development and is frequently explained in terms of the synthesis of the first few progeny DNA molecules.7 As shown in Figure 4 , addition of 6 X 10-5 M IDA, at any time during the early phase, completely inhibits the development of any additional UV resistance and, in effect, freezes it at that particular point in time. Since by 7.5 minutes at 370 the early enzymes for DNA synthesis are certainly present, the effect observed must be due to interference with DNA replication itself, and not with that of its prerequisites. prior to adsorption, which was for 4 mn in M9 minus glucose. For zero time sample, the infected cells were diluted 10OX into cold (afC) M9 containing 20 ing chloramphenicol (CAP)/ml and were irradiated for 5 and 10 sec with a GE germicidal lamp. Experimental samples were diluted lOX into broth/4 plus glucose and incubated for 7.5 and 15 mn prior to UV irradiation. To another set, IDA at 6.0 X 10-oM was added at t = 0 with UV irradiation at t = 7.5 mi, and to a third at 7.5 min with UV irradiation at 15 min. All UV treatment as before on aliquots diluted 10OX into cold M9 containing CAP, UV dose used reduces free phage by 2.0 X 10-in 20.0 sec.
Effects on recombination: The extent of recombination in crosses involving several different markers was unaffected by the presence of IDA or Mal, although the burst size was greatly reduced (Table 1 ). Normal numbers of recombinants in small bursts indicate extensive genetic exchange. These results may indicate either an accumulation of genetic material in an expanded pool, or multiplicity reactivation of partially damaged DNA strands. The second hypothesis appears to us to be more consistent with all the data presented here.
Mutagenic effects: An agent capable of strong interaction with DNA might be expected to be capable of affecting mutation rates in vivo (Table 2) . M~utants in the r1j region induced by either IDA or Mal revert spontaneously and therefore do not contain large deletions. Mal induces the change h+ -0. h at three different h+ sites, also induced by 2-aminopurine (AP) or HNO2, but not by proflavine, hydroxylamine, or IDA, and probably acts, in this instance, by causing specific base substitutions. None of the seven Mal-induced rI1 mutants tested can be reverted by AP. Mal fails to induce reversions in most of the T4 ambers revertible by AP, and it can, like HNO2 but unlike AP, induce reversions of mutations induced by itself. IDA can revert mutants induced either by itself or by Mal but it cannot induce the h + -a)h change. None of the T4 ambers studied, either in the agar plate test or in growth tubes--which also detects phenotypic reversions to wild type~--BIOCHEMISTRY: MAHLER AND BAYLOR PROC. N. A. S. Results of crosses between different markers in presence or absence of steroids. Per cent recombination calculated as follows: for r2 X r7 = 100 (count on K12 (X) X 2/(total on B); for r13h+ 0 X h+1 = 100 (count on B/2) X 2/(total on B); for rl X r13 = 100 (number of r+ X 2)/(total on B). No correction factors were used. can be reverted by IDA. Both steroids can revert proflavine-induced ri mutants. The mutational patterns of these two agents are thus different, complex, and novel, and indicate a multiple form of action.
Effects on endolysin synthesis: T2or T4-containing complexes produce an endolysin (lysozyme) relatively late during bacteriophage development. Significant amounts can be detected under our conditions after '20 minutes at 370. If IDA is present from t = 0 minutes, no lysozyme is produced, but if initial development is allowed to proceed for 7 minutes before IDA is added, endolysin production becomes detectable (-50%c). About 80 per cent of the control value is reached with IDA added at 10 minutes. Therefore, IDA does not interfere to a significant extent with the synthesis of the "late" protein lysozyme. (a) Infected cells plated on B + B/2 with overlays containing, respectively, 1 mg of AP, 0.7 mg of Mal, or 0.2 mg IDA. Clear plaques indicated mutation. All plaques cleared with Mal or AP, none with IDA. The test was performed with h + mutants at three different sites.
(b) Stocks were prepared from independently arising mutant plaques induced by the agent in parentheses, and used to infect B. The latter were then exposed to either IDA at 6 X 10-5 M or Mal at 1.5 X 10-4 M for 15 min, and the infected centers plated on K12 (X). Two controls were run, one without, and one with 1 mg AP.
(c) Drops of T4 amber mutants (-1 X 108 phage/ml) in 23 different genes were mixed with drops of 5 X 10-3 M IDA, 1.0 X 10-2 M Mal, or 5.0 X 10-2 M AP in small plastic cups. The mixtures were supplemented with B at 2 X 108 cells/ml and plated. Clear plaques indicated reversion.
BIOCHEMISTRY: MAHLER AND BAYLOR
Effects on the biosynthesis of phage parts: Lysozyme is a somewhat unusual "late" protein. It appears very late during the life cycle,8 and it is not part of the phage structure. Edgar and Wood5 and Weigle9 have shown that phage assembly itself can be studied in vitro by means of extracts from cells infected with phage mutants conditionally lethal either for head or tail proteins. We have used amber mutants in gene 23 (a "head" gene, producing functional tail assemblies) and gene 6 (a "tail" gene, producing functional heads). The results summarized in Table 3 show that IDA, added at 10 minutes, at 6 X 10-5 M in M9/2 (a concentration sufficient to produce >80% inhibition of burst size with wild type under the conditions used in this experiment), does not interfere with the production of functional tail assemblies, an event that requires a large number of individual late proteins.5 It does, however, inhibit the production of functional heads. If we assume the ability to synthesize head proteins per se to be unaffected, the inability of extracts from cells, infected with the "tail" mutant, to produce phage may well be due to an absence of functional DNA, rather than of protein. These experiments have been repeated many times, and we now use IDA as a substitute for a conditional lethal in a head gene to provide us with T2 tails.
Effects on incorporation of thymidine, leucine, and uracil ( Fig. 5) : Addition of IDA, either at zero minutes or after ten minutes, virtually stops DNA synthesis; effects on messenger RNA and on protein synthesis appear to be less severe and are more pronounced in the late (>9 min) than in the early period.
Effects on bacterial cells: IDA also inhibits the growth of the host bacterium E. coli B within the same range of concentration, both of drug and of cells, used before (Fig. 6 ). The effect of the steroid is irreversible, at least in part, and hence, bactericidal rather than bacteriostatic: IDA (10-4 M) added to cells at 2 X 108/ ml, in either M9/2 or broth/4 at 370, stops any further increase in turbidity, coincident with a reduction in viable count to < 10 per cent of the control within 30 minutes.
Incorporation experiments with uninfected cells are shown in Figure 7 . RNA and protein synthesis appear to be somewhat more, and DNA synthesis somewhat less, susceptible than with infected complexes. The data suggest that protein synthesis ceases as a result of the cessation of RNA synthesis. In general, the inhibition pattern observed is reminiscent more of the situation prevailing in "late" rather than "early" phage-infected complexes.
Discussion.-At concentrations similar to those employed in this investigation, IDA and M/ial are capable of strong interactions with DNA leading to profound struc- multiply-infected (3-min adsorption prior to glucose and aeration) with T4 ambers in genes 6 (produces heads) or 23 (produces tails) were incubated for 55 min at 300 in the media shown, chilled, harvested by centrifugation, and pellets lysed by freezing and thawing.0 Aliquots of these lysates were mixed, assayed for residual phage (Background), incubated for 1 hr at 370 to permit phage assembly' and re-assayed (Assembly . 5. -Effects of IDA on incorporation of thymidine, leucine, and uracil by infected cells. Infection and tracers used as described under Materials and Methods. Residual uninfected cells: 7.4 X 106/1.98 X 108; total IC after antiserum: 1.6 X 108, all per ml. Burst size was 280 in the absence and <0.5 in the presence of IDA (6.0 X 10-M). Aliquots of 1.0 ml were removed at times shown and mixed with an equal volume of cold 10% TCA, filtered through Millipores, washed exhaustively with 5% TCA, dried, mounted on planchets, and counted. Times of addition-for thymidine: IDA at 0.0, tracer at 30 sec, and in the second expt. tracer at 0 and IDA at 10 min-for leucine: IDA at 0.0, tracer at 30 sec, also IDA at t = 9.5 min and tracer at t = 10 min-for uracil: IDA at 0.0 and tracer pulsed for 90 see from 30 to 120 sec, and with IDA at 9.5 min and tracer pulsed for 120 see from 10.0 to 12.0 min. tural alterations in the macromolecule.2 Binding of IDA to DNA, especially at low ionic strength and at the somewhat elevated temperatures used in phage experiments (i.e., 370), transforms its double-helical structure into two linked random coils incapable of strand separation. Mal, on the other hand, produces, throughout the temperature range of interest, a stabilized helix with conformational parameters quite different from those of the native form. This conformation is also induced by IDA at low concentrations and temperatures. These observations can account for the difference in effectiveness of the two steroids and for the rather bizarre mutagenic spectrum, especially the observations that the same agent can revert both base analogueand acridine-induced mutations.
The data on phage-infected complexes are consistent with a mode of action by steroidal diamines that postulates DNA as the primary target. The irreversible nature of the inhibition suggests that these complexes of steroid with DNA are particularly susceptible to some destructive event, such as nuclease action. We also find that (a) the synthesis of "late" proteins appears to be insensitive to steroid inhibition and (b) that incorporation of precursors into both RNA and protein is more susceptible to such action during late, rather than early phage development. Therefore we conclude that (1) tive to steroid action, (2) the most sensitive event is the formation of the first few copies of the parental DNA, and (3) the synthesis of late protein can occur even in the absence of extensive replication. We cannot, at this time, be equally positive whether any progeny DNA is required for this process, and also cannot rule out the possibility that the relatively low level of inhibition of "early" messenger RNA and proteins may nevertheless affect some particular (vital) function. The relatively greater sensitivity of transcription and translation versus DNA duplication in uninfected bacteria is interesting. It may be due to differences in the conformation, the accessibility to counterions, or the relative stoichiometries of the polynucleotides responsible.
Summary.-Steroidal diamines constitute a new class of effective and potentially selective agents for interference with and modification of DNA duplication in phageinfected complexes.10
